ABSTRACT: Boundary slip phenomena on a superhydrophobic surface at a mesoscopic scale are investigated. Using the lattice Boltzmann method with a slip boundary, this paper simulates Couette flow at a mesoscopic scale and calculates the boundary slip length on superhydrophobic surfaces at various temperatures. The agreement of experimental and numerical results suggests the effectiveness of the current method for boundary slip problems. Furthermore, the results showed that slip length on a superhydrophobic surface boundary is above 100 µm at mesoscopic scale, and the surface friction is a lot less than with a non-slip boundary. The relationship between slip length and viscosity, contact angle, and velocity gradients in Couette flow is also examined. Numerical results show that the main factors affecting slip length are viscosity and contact angle. Velocity gradient has little effect on slip length.
INTRODUCTION
The assumption of a non-slip boundary has been proved to be correct for macroscale flow. However, studies show that the fluid near the boundary can slip in the case of micro-scale flow 1, 2 and a clear boundary slip phenomenon can be observed at a smaller scale 3 . Compared with the inertial force and the electromagnetic force, the surface tension and the friction increase greatly with the decrease of scale. Since boundary slip has a vital influence on friction at micro-scale, the topic of reducing friction by producing boundary slip has attracted a lot of attention recently. Some researchers have shown that friction can be reduced when the liquid flows on a superhydrophobic surface due to the boundary slip phenomenon 4, 5 . The boundary slip phenomenon is affected by many factors such as surface roughness 6 , fluid viscosity 7 , contact angle 8 , and velocity gradient 9 . There is no final conclusion about the effect of those factors. This reflects the complexity of the boundary slip phenomenon.
Priezjev, using the molecular dynamics method, studied the impact of shear rate and other factors on slip length and friction for boundary slip problems at microscale 10, 11 . At nanometre-scale, Priezjev's simulation is quite successful 12 . Simulating flow with boundary slip at millimetre scale is more difficult. Based on the mesoscopic kinetic mode, the lattice Boltzmann method (LBM) is suitable for mesoscopic simulations whose non-continuous nature fits the actual fluid. Moreover, it has a natural advantage of high calculation efficiency which can be parallelized. Nourmohammadzadeh applied the lattice Boltzmann method to simulate boundary slip phenomena on the gas-solid boundary 13 . Sbragalia studied the phenomenon of solid-liquid boundary slip 14 . Zhu implemented three-dimensional simulations for boundary slip problems 15 . Their studies are all limited to microscale. Guo proposed a gas boundary slip boundary condition 16 . Zhang 17 and Chen 18 used the same method to calculate the micro-scale boundary slip length, but their simulations do not indicate the relationship between the various physical factors and slip length. Hence, by combining the methods of Guo and Zhang, this paper paper studies the effect of temperature, velocity gradients, fluid viscosity, and contact angle on the slip length of flow on a superhydrophobic surface at mesoscopic scale. The main content of this paper is to adopt the lattice Boltzmann method to simulate boundary slip phenomenon at mesoscale and to calculate the slip length.
NUMERICAL MODEL
Meeting the required simulation accuracy, the simple and stable LBGK model is chosen. Its evolution equation can be expressed as
where f i (x, t) is the velocity distribution function of the point x at time t, which represents the number of particles moving with velocity c i . The dimensionless relaxation time,
δ t is the time step, f (eq) i is the particle equilibrium distribution function (DF). For the standard D2Q9 model, the equilibrium distribution function (EDF) can be expressed as
and we have
, sin
The density and velocity expressions at macroscopic scale are
For different kinds of fluids, the main factor affecting the flow field at micro-scale is different. The gas flow is controlled by its characteristics of rarefaction. For liquid flow one should consider the effect of surface force, intermolecular forces, electrostatic force and invasion/adsorption characteristics. Currently, there are two boundary conditions for gas flow: BSR model and DM model 16 . Their collision step is the same but their stream step is different.
Because of its widely applicability, the BSR model is used here. The BSR model collision step is
and its stream step is
For i = 0, 1, 3, 7, 8, the particle distribution function can be calculated according to the transfer step. We found that r = 0.007 is suitable for this simulation. The most important thing is to select the adhesion retentive force. The latest research shows that the adhesion force is connected with advancing contact angle, receding contact angle, surface tension, and the radius of a wetting droplet 18 .
where R is the radius of wetting droplet, γ is the surface tension, θ a is the advancing contact angle, θ r is the receding contact angle, and θ = 1 2 (θ a + θ r ). According to the external force model proposed by Guo 16 , the evolution equation of LBM with external force can be expressed as
F i (x, t) is the discrete external force F (x, t), and the discrete force distribution function is
However, the velocity expression in this function must take into account the influence of the external force, and it can be expressed as
NUMERICAL MODEL VALIDATION
We Theoretical derivation 500 000 steps 800 000 steps 8 000 000 steps Fig. 1 The velocity distribution of a non-slip boundary at different times with LBM simulation. y = h/H where H is the gap between the two plates and h is the distance from fluid point to the bottom plate and the velocity is dimensionless speed in the LBM. 0.36652 m/s. The flow field is divided into a 60×480 grid. The upper plate moves at a constant speed u = 0.09163. The upper and lower boundaries are non-equilibrium extrapolation boundaries and the left and right boundaries are subject to periodic boundary conditions. The simulation result is fairly consistent with the theoretical solution based on the Navier-Stokes equations. As is shown in Fig. 1 , the velocity distribution shows little difference between the simulation result and the theoretical solution up to 8 000 000 time steps (corresponding to a real time of 5 s). The agreement decreases with increasing time after this.
We define the friction factor as
The simulation result is C s = 0.045461 and the theoretical result is C t = 0.045609. The relative error is 0.3%. According to Newton's law of internal friction, friction is also falls with the decrease of velocity gradient. This explains why the friction coefficient of simulation is less than the theoretical result. From that case, we conclude that we can simulate the Couette flow using the lattice Boltzmann method. We need change boundary condition on the bottom plate for flow with boundary slip. As introduced above, the BSR model is used for the boundary slip simulation. The reduced retentive force is considered as the force acting on the fluid layer close to the plate. In order to verify convergence of grid, we divide the flow field into 30×480, 60×480, and 120×480 grids. The simulation results show that the slip lengths are almost the same. After 3 000 000 time steps, the velocity distributions and the slip lengths are the same. Table 1 shows the advancing angle and receding angle of different materials. We used a temperature of 20
SIMULATION RESULTS
• , and θ r = 160.0
• . The grid is 60×480. In lattice units, F = 0.1878, τ = 0.8009. Fig. 2 shows the velocity distribution along the y-axis. It can be seen clearly that the velocity at the bottom is 0.00952 instead of 0. The drag coefficient C S is 0.040556, which is 11% less than for the nonslip case. The slip length of that simulation can be calculated and is 139.1 µm. The slip length L s can be also estimated by
www.scienceasia.org where τ slip and τ no−slip are the shear stresses at the wall with slip and non-slip boundary conditions. In the experiment, the slip length is 142.4 µm.
Influence of temperature on the slip length
The most significant factor affecting slip length is the temperature which has an important impact on the viscosity and the wettability of the boundary. We periodically change the temperature from 20
• C to 50
• C and observe the changes of slip length with the temperature. Fig. 3 shows the contrast of numerical and experimental results. The higher point is the slip length at 20
• C, and the lower point is the slip length at 50
• C. The average slip length of simulation and experiment are close while the fluctuation in the experiment is larger than in the simulation. With more confounding factors in the experiment, such as stability of the motor, this to be expected. When the temperature is changed, two important factors are changed, which are contact angle and viscosity.
Influence of viscosity on the slip length
Assuming there is no boundary slip, the friction increases linearly with viscosity according to Newton's law of internal friction. However, the slip length has little effect. We conclude from Fig. 4 that the slip length reduces when viscosity increases, but not in a linear manner. The slip length with the contact angle θ 1 = 159.6
• (the temperature is 50
• C) is smaller than the slip length with the contact angle θ 2 = 162.3
• (the temperature is 20
• C) no matter how the viscosity is changed. What should be emphasized is that only the viscosity is changed Table 1. here. Hence this situation cannot be examined by experiment.
Influence of contact angle on the slip length
In Fig. 5 , ν 1 and ν 2 are the viscosities of the water at 50
• C and 20
• C, respectively. The slip length decreases markedly as the contact angle is reduced. When the contact angle is smaller than 150
• , there is a no boundary slip phenomenon. We conclude that boundary slip occurs only on the superhydrophobic surface. From Table 1 , the contact angle at 20
• C of material no. 5 is the biggest, while its slip length is the largest. The slip length decreases as the contact angle decreases. This is consistent with Bonaccurso's view 3 . 
Influence of gaps on the slip length
The velocity gradient is dependent on the gap, where the velocity of plate is constant. When the gap is small, the resistance increases with large velocity gradient. However, the boundary slip length does not significantly change, which is shown in Fig. 6 . The slip velocity is closely related with the gap, which can be seen in Fig. 7 . The rules of boundary slip length changes are different from rules of the velocity gradient changes. The boundary slip length is constant according to Navier's model of linear slip length 19 . This conclusion is also consistent with the experiment results 6, 9, 20 .
CONCLUSIONS
In this paper, the lattice Boltzmann method and BSR model of boundary conditions are used to study the phenomena relating to boundary slip on superhydrophobic surface. The main factors affecting slip length and their influence on friction are investigated and the following conclusions can be made. Boundary slip occurs on a superhydrophobic boundary even at mesoscopic scales. The slip length can be above 100 µm. Contact angle, advancing angle, and receding angle have a great effect on slip length. A large contact angle with little difference between advancing angle and receding angle results in a larger slip length. Velocity gradient has little influence on boundary slip length, while the speed at the boundary is greatly changed. A small viscosity leads to a large slip velocity and a small contact angle results in a small slip velocity. The combined effect of both reflects the effect of temperature on the slip length.
